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A B S T R A C T
Dissimilar metal weld (DMW) joint between alloyed steel (AS) and stainless steel (SS)
failed at one of intermediate temperature superheater (ITSH) tube in steam/power
generation plant boiler. The premature failure was detected after a relatively short time of
operation (8 years) where the crack propagated circumferentially from AS side through the
ITSH tube. Apart from physical examination, microstructural studies based on optical
microscopy, SEM and EDX analysis were performed. The results of the investigation point
out the limitation of Carbides precipitation at the alloyed steel/welding interface. This is
synonym of creep stage I involvement in the failure of ITSH. Improper post-welding
operation and bending moment are considered as root causes of the premature failure.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For superheater or reheater boiler tubes operating at higher temperatures (above 540 8C), it is customary to use stainless
steel (SS) in the ﬁnal stages covering a portion of the boiler tubing which is predominantly comprised of low alloy ferritic
steel (AS). SS and AS tubes are joint by welding as in the present case of ITSH tube. Problems of premature failure of welds
between the two dissimilar materials (SS and AS) have been a common occurrence in boiler industry. Three major causes of
these creep failures are: carbon migration from the heat-affected zone (HAZ) of the AS into the weld metal, expansion
differences between the two varieties of steel, and the differences in corrosion resistance to ﬂue gases leading to the
formation of an oxide wedge on the outside diameter of the AS tube next to the weld [1]. API 571 standard consider more
details on the critical factors leading to DMW failures such as welding geometry, thermal cycling, etc. [2]. DMW failure of
superheater tubes has been reported in pulverized coal-ﬁred power plant where the difference of expansion coefﬁcient was
pointed as the main reason [3].
On the other hand, an interesting research program was conducted by EPRI institute with objective to provide guidelines
for improving design and welding procedures for increasing reliability and longevity of DMW [4]. The ﬁndings of this
program suggested that nickel base welding with proper heat treatment forming band of well distributed carbides (instead
of sharp interface of carbides) near the fusion line would improve DMW life. Shallow weld design, low temperature and low
stress region of the DMW would also provide additional margin of safety [4]. As indication of the recorded life time, nickel
base welding was subject of failures in the mid-1970 after generally 15–17 years of service [5].* Corresponding author. Tel.: +966 33430333.
1 Retired.
http://dx.doi.org/10.1016/j.csefa.2015.03.006
2213-2902/ 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Fig. 1. Schematic diagram showing the failure location in the ITSH area.
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tendency of carbides formation. In addition it has thermal coefﬁcient very close to the low alloy ferritic steels such as SA213
grade T11 and T22 [1]. So, theoretically we expect low stress level at elevated temperature for this welding material.
However, premature failure of DMW occurred only after 8 years of operation at ITSH tube. All superheater tubes are
drainable and horizontal type. Part of ITSH is located in second pass and the second part is located in the furnace where it
receives part or all of heat by radiation. Failure location is indicated in Fig. 1 and Boiler speciﬁcations including ITSH material
information are summarized in Tables 1 and 2.Table 1
Boiler speciﬁcations.
Boiler detail Steam capacity: 637 t/h; design pressure: 106 bar; steam temp. at S.H. outlet 525 8C
Normal fuel Natural gas
Commissioned 2000
Failure noticed date 28/05/2008
Flue gas temp. at ITSH inlet 1121 8C at normal operating load with gas ﬁring
Steam pressure at ITSH inlet 85.0 bar at normal operating load with gas ﬁring
Steam temp. at ITSH inlet 50 8C at normal operating load with gas ﬁring
Approx. tube metal temp. 480 8C
Table 2
Material information about boiler tube as supplied by the plant authorities.
Base materials Austenitic stainless steel ASME SA-213 TP 347 H – OD: 50.8 mm and thickness 4.4 mm ferritic steel ASME SA-213Gr
T12 – OD: 50.8 mm and thickness 4.6 mm
Weld joint Single V
Welding process GTAW (gas tungsten arc welding TIG welding) by machine
Welding ﬁller wire TGS-70NCb (of KOBE Steel Ltd) or WEL TIG-m 82(of Nippon Welding Rod Co. Ltd). This ﬁller is equivalent
to (American Welding Society)-AWS A 5.14 ERNiCr-3 and is an Inconel-82 ROD
Preheat temperature Min. 121 8C
Fig. 2. Boiler superheater tubes samples as received. AS: alloyed steel, SS: stainless steel.
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2.1. Visual inspection
Fig. 2 shows two boiler tube samples, made from low alloy steel (AS) and stainless steel (SS) as received. Circumferential
cracking was evident at the area adjacent to the weld region from the AS side with no plastic deformation. There was no
evidence of branching in the observed crack. Fig. 3 shows inner side view of SS and AS split tubes. The AS inner surface
appears to have uniform oxide ﬁlm whereas SS shows some disruption of the oxide ﬁlm. Table 3 shows chemical
compositions of AS and SS samples as analyzed by OES and carbon sulfur analyzer. The alloy compositions are matching the
grade mentioned by plant authorities shown in Table 2 [6].
2.2. Microstructure study
Fig. 4a shows longitudinal view of the SS sample adjacent to the weld (heat affected zone). The photomicrograph shows
polygonal ferritic coarse grained structure along with some pockets of carbide aggregates. In fact, carbide formation is
inhibited by extra-low carbon content [7]. This could be explained by an increase of temperature during post-welding heatFig. 3. Inner side view of split received tubes.
Table 3
Chemical compositions of AS and SS samples as analyzed by OES.
Element AS SS
Fe Balance Balance
Cr 0.0625 18.687
Ni – 12.306
Mo 0.452 0.241
C 0.143 0.087
S 0.0035 0.003
Si 0.189 1.57
Mn 0.369 1.567
Cu 0.003 0.148
W 0.009 0.036
V 0.012 0.063
Fig. 4. Microstructure of SS sample, (a) near the weld junction; (b) away from the weld junction (200).
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alloy [2]. In this SS alloy, carbide can form at 540 8C after 15 min, but the amount of precipitate is too small to affect corrosion
behavior [7]. Fig. 4b shows photomicrograph of a cross-section of the SS sample away from welding at the center. The
structure is twinned austenitic structure with variable grain size which is quite different from the one viewed longitudinally
near the weld (Fig. 4a).
Fig. 5a shows microstructure at the junction of AS and welding. Two phases are present in which AS has intermetallic
dispersion in a matrix (S1) and the weld exhibits a single homogeneous phase (S2). Fig. 5b shows close view of the
microstructure at the root of welding where elongated (island type) grains coexist with dispersed particles. Fig. 6 shows
microstructure of a cross-section of AS boiler tube sample (far away from welding) at the center location in which islands of
pearlite are present in a ferritic matrix.
Fig. 7a–d shows microstructures of heat affected zones (HAZ) at 4 locations from the AS matrix to the welding area named
HAZ1, HAZ2, HAZ3 and HAZ4 respectively. At location HAZ1, the structure is coarsened polygonal ferritic in which at the
interstitials pearlite grains are packed (Fig. 7a). At location HAZ2, a ﬁne secondary bainite structure is observed (Fig. 7b). The
microstructure of HAZ3 appears as a ﬁne structure resembling to secondary bainite (Fig. 7c). HAZ4 shows a typical tempered
martensitic structure microstructure in which free carbides aggregation is exhibited (Fig. 7d).Fig. 5. Microstructure at (a): AS/welding junction; (b) AS and root of welding (200).
Fig. 6. Microstructure at the center of AS tube far away from welding (200).
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The hardness values (in BHN) of the welded AS and SS samples show increasing trends of hardness at locations away from
weld to the locations at the weld (Table 4). The values obtained away from the welding are signiﬁcantly reduced compared to
the values recommended in ASME boiler code particularly for AS [6]. This is due mainly to the loss of carbon in favor to the
junction area where we note an increase of hardness due to the carbide precipitation observed in the microstructure study.
The high hardness value corresponds to the tempered martensite observed in HAZ4 (Fig. 7d).
2.4. Scanning electron microscopy
The welding area observed by SEM (Fig. 8) shows crack progressing which is considered as source of welding failures. This
crack has no branching and seems joining the grain boundary. This crack could be due to the post-welding treatment whichFig. 7. Microstructure of HAZ at (a) location 1; (b): location 2; (c) location 3; (d): location 4 (200).
Table 4
Hardness measurements of AS and SS super heater tube parts.
HRB Equivalent HBN Location
AS superheater tube part
75.4 138.2 Away from weld
80.1 150 Near the HAZ
92.0 195 At the welding
SS superheater tube part
83.8 161.9 Away from weld
85.6 167 Near the HAZ
90.3 186.3 At the welding
Fig. 8. SEM image of the area around the junction of AS welding.
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has led to frequent service failures [8].
Three locations (regions) are selected to be analyzed by EDX i.e. region S1 is carbide dispersed matrix close to the HAZ, S2
shows the welding area and S3 shows grain boundaries.
EDX proﬁle of the matrix (region S1) shows very high concentrations of Ni (48%) followed by Fe (25%), Cr (18%) and C
(3.5%) indicating the presence of (Fe, Cr) carbides in the matrix (Fig. 9).Fig. 9. EDX proﬁle of position S1 (matrix).
Fig. 10. EDX proﬁle of position S2 (welded area).
Fig. 11. EDX proﬁle of position S3 (grain boundary).
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the nickel-chrome base composition of the ﬁller as mentioned in Table 2. This type of welding alloy has very low tendency to
form carbides and thermal coefﬁcient very close to ferritic AS steel [1].
Fig. 11 shows EDX proﬁle of region S3 representing grain boundaries also indicates the high contents of carbon. This
carbide precipitation is known to be induced by temperature increase leading to the carbon diffusion to the grain boundaries.
3. Discussion
Based on the above investigation results, it appears that dissimilar metal welds (DMW) failed on the AS side.
Microstructure study showed carbon migrated from alloy steel into the weld metal. This migration results in the formation of
chromium iron carbides along the welding/AS interface as observed by microscope and detected by EDX analysis. Two
consequences of this carbides precipitation could be mentioned:
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2. The increase of the welding hardness.
The failure of DMW in the form of micro crack observed in the ﬁller welding material joining the AS grain boundary could
be due mainly to three reasons:a. High hardness of the welding combined to the thermal fatigue,
b. Residual thermal stresses caused by improper PWHT,
c. Bending stresses due to the horizontal position of the welding in the ITSH tubes which is not recommended by EPRI
guidelines as discussed by French [9].
The thermal fatigue mechanism possibility could be excluded for many reasons i.e. the good thermal stability of the ﬁller
and its thermal expansion coefﬁcient which is close to the one of AS. In addition, the boiler was in continuous service to
supply necessary steam for thermal desalination plant (due to the high water demand). Therefore, the number of thermal
cycles is much reduced.
The possibility of an improper PWHT is reinforced by the detection of creep stage I (carbides spheroidization and
precipitation) in the area close to the welding while it was not observed far from the failure area (base material). It is well
established that high temperatures encountered during either post-welding heat treatment (PWHT) or service provide the
activation energy for carbon diffusion to occur [10]. To illustrate that improper welding could be the root cause of DMW in
short time could be found in the work done by Ul-Hamid et al. [11] where the life time was less than 2.5 years.
On the other hand and according to EPRI recommendations [12], the used ﬁller (Inconel 82) does not need PWHT.
The third reason related to the bending stresses, is dependent on the start-up procedure and the horizontal position of
ITSH tubes and close to the stringer tubes. As depicted in Fig. 1, the impact of bending moment could be considered since the
failure location very close to a stringer tube.
4. Conclusions1. The failure mechanism of intermediate temperature superheater (ITSH) appears to be dissimilar metal (SS and AS) weld
(DMW).2. The microstructural studies of the weld samples supported by EDX analysis show the precipitation of carbide at the weld/
metal interface which is a strong evidence of creep stage I process involvement.3. Bending stresses and/or improper welding operation appears to play some role crack formation in the weld structure.
4. The miss-application of recommended Ni-base welding ﬁller plays an effective role in shortening the life time of this
junction.
5. Recommendations1. There appears to be shortcomings during the welding of dissimilar metal boiler tubes resulting in the failure of tubes.
Therefore, the standard procedure for proper welding should be strictly followed.2. Strict control of the boiler start-up procedure should reduce the possibility of bending stresses on horizontal DMW.
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